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A diffusion model is proposed for elucidating the effect of interelectrode distance modulation on
conductance change of a nanomicrointegrated hydrogen sensor at room temperature. Both
theoretical and experimental results showed a faster response upon exposure to hydrogen when
sensor electrode gap was smaller. Also, a linear increase in the sensor sensitivity from 500 to 80 000
was observed on increasing the electrode spacing from 2 to 20 m. The improvement in sensitivity
is attributed to the higher reactive sites available for the gaseous species to react on the sensor
surface. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2644276兴
Semiconductor nano-metal-oxide 共e.g., SnO2兲 based thin
film sensors have been widely used for the detection of hazardous gases.1 Currently, there is a lot of interest in developing a room temperature hydrogen sensor for various practical
applications.2 Development of a practical sensor device requires the optimization of the sensitivity, response, and recovery time. Film thickness, particle size, porosity, metal oxide dopants, and operating temperature are some of the key
material characteristics for optimum sensor performance.3
The activation energy for the gas–nano-metal-oxide reaction
increases with reducing sensor operating temperature. This
increased the activation energy that may impede the overall
sensor response at lower temperatures 共especially at room
temperature兲. In such a scenario, variation in the design parameters in sensor electrode architecture cannot be underestimated in obtaining enhanced sensor performance at lower
temperatures. This letter presents the influence of electrode
geometry on tuning the room temperature sensing kinetics of
a doped nano-tin-oxide thin film as a hydrogen sensor.
A microelectromechanical system 共MEMS兲 hydrogen sensor device with varying electrode spacing
共g = 2 – 20 m兲 and constant electrode length 共l = 1000 m兲
was fabricated4 关Fig. 1共a兲兴. Advantages of fabricating microinterdigitated electrodes include 共i兲 precise control over the
geometry and dimension allowing reproducible and low cost
devices and 共ii兲 large sensing area with small spacing between electrodes 共improved sensitivity compared to macroelectrodes兲. The MEMS device was coated with a sol-gel
derived thin film of indium doped nanostructured tin oxide4
and subsequently wire bonded to an integrated circuit chip.
a兲
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Figure 1共c兲 shows the cross section of the nano-tin-oxide
coated gold electrode, engraved using a site-selective focused ion-beam 共FIB兲 milling technique. The thickness of
the tin oxide film is about 150 nm 关Fig. 1共b兲兴. The sensor
was tested in 900 ppm H2 at ambient conditions 共25 ° C兲.
When freshly prepared SnO2 thin film is exposed to air,
oxygen ions 共O− or O−2 兲 adsorb on the surface by capturing
electrons from the conduction band of SnO2. This results in
the formation of an electrical double layer 共space charge
layer兲 on the particle surface, which consists of negatively
charged oxygen ions on the surface and positively charged
metal ions on the inside.5,6 This increases the potential barrier for electron conduction within the film. When a reducing

FIG. 1. 共Color online兲 共a兲 Image showing the nano-tin-oxide coated microchip, 共b兲 FIB cross section of the nano-tin-oxide coated microchip, and 共c兲
side of the metal oxide coating and electrode arrangement.
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gas 共H2兲 comes in contact with a thin film, it is oxidized by
−
reacting with Oads
or O2− species, and electrons are reintroads
duced into the electron depletion layer, leading to decrease in
the potential barrier and decrease in the film resistance.7
−
H2共atm兲 + O共ads兲
→ H2O共ads兲 + e− ,

共1兲

H2共atm兲 + 21 O2共ads兲 → H2O共ads兲 + e− .

共2兲

Exposure of the thin film tin oxide lying above the coplanar electrodes 关see Fig. 1共c兲兴 to reducing gas results in the
adsorption and simultaneous diffusion to the reactive sites.
The diffusion of hydrogen inside the film can be considered
as one dimensional gas diffusion in a medium bounded by
two parallel planes 关Fig. 1; thickness 共x0兲兴. The rate of reaction inside the film is effectively controlled by the diffusion
rate of hydrogen. The ratio of the gas concentration inside
the film at any point to the concentration of gas on the film
surface can be defined as8
C=

c
.
cs

c is the concentration at a distance x inside the film and the
gas of initial surface concentration 共cs兲 diffuses into the thin
film of tin oxide 共having thickness x0兲, lying on the coplanar
electrodes, with the following boundary conditions:
C = c/cs = 1

when x = x0 共on the surface of the film兲

and C = c/cs = 0

when x = 0 共underneath the film兲.

The solution satisfying the above conditions becomes8
⬁

共− 1兲n −D共2n + 1兲22t/4x2
4
共2n + 1兲x
c
0 cos
e
C= =1− 兺
,
cs
 n=0 2n + 1
2x0
共3兲
where D is the diffusion coefficient of the diffusing gas and
t is time.
Introducing the dimensionless parameters in Eq. 共3兲 as
follows:8
T=

Dt
,
x20

Jds =

共4兲

An analytical solution for Eq. 共4兲 is shown in Fig. 2共a兲,
which depicts the variation in concentration at different
exposure times at different film thickness. In the present
case, the length of electrodes was kept constant 共1000 m兲
for all sensors and the edge effect was neglected 共since coating widthⰇ coating thickness兲. According to Ohm’s law the
current is proportional to the applied electric field 共E兲. The
current density J 共current per unit area兲 inside the nano-tinoxide film is a function of the conductivity 共兲 and can be
defined as9
J = E,

冕 冕

⌬i共t兲 = ek

⬁

共− 1兲n −共2n + 1兲22T/4
4
共2n + 1兲X
c
e
.
=1− 兺
cos
cs
 n=0 2n + 1
2

i共t兲 =

Eds.

共6兲

The change in total current 关i共t兲兴 flowing through the device
can be given by

Eq. 共3兲 becomes
C=

FIG. 2. 共a兲 Gas concentration profile at various times inside the nano-tinoxide films coated on the MEMS device; 共b兲 analytical solution to Eq. 共9兲
showing the effect of electrode spacing on change in conductance inside the
film.

共5兲

while the current flowing through the device is given by10

冕

cEds,

共7兲

cs

where c is the gas concentration, E is the electric field inside
the film, while  and e are the electron mobility and charge,
respectively.
The change in electric conductance is given by10
⌬G共t兲 = ⌬i共t兲/V,

共8兲

where V is the applied voltage.
The solution for Laplace’s equation for the semiconducting layer above the coplanar electrode is derived in detail
elsewhere as10
⌬G/G0 =

冕

1

C关共1 − X兲2 + g2/4x20兴−1/2dx,

0

where G0 is the initial conductance of the film.

共9兲
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FIG. 3. 共a兲 Figure showing the effect of electrode spacing variation on the
response time of the nano-tin-oxide coated MEMS devices towards
900 ppm of hydrogen at room conditions; 共a-i兲 inset showing typical response transient nano-tin-oxide coated MEMS sensor; 共a-ii兲 inset showing
the effect of electrode spacing on the rate of change of resistance inside the
nano-tin-oxide coated thin film hydrogen sensor. 共b兲 Impact of electrode
spacing on gas sensitivity of the room temperature nano-tin-oxide hydrogen
sensor.

The theoretical transient response for the current electrode geometry where the fractional change in conductance is
plotted as function of factor T is shown in Fig. 2共b兲 for
different electrode spacings. From the figure it can be interpreted that the response of the device depends on the ratio
g / x0. At a constant thickness 共x0兲, the sensor response is
solely controlled by the electrode spacings. Smaller gap size
leads to faster change in the electric field inside the film
resulting in faster response of the device.
Figure 3共a兲 shows the effect of electrode spacing 共g兲 on
the response time of the MEMS hydrogen sensors. From the
figure it can be concluded that the sensor response time increases linearly with the electrode spacing. The inset in
Fig. 3共a-i兲 shows a response transient of a sensor 共electrode
spacing= 5 m and number of fingers= 8兲 when exposed to
hydrogen 共900 ppm兲 at room temperature. The sensor with

5 m electrode spacing showed a faster rate of change of
resistance 共higher conductance change兲 as compared to 10
and 20 m electrode spaced MEMS sensors as shown in
Fig. 3共a-ii兲. These experimental results are in good agreement with the theoretically modeled behavior of the effective
variation in the electrode spacing on the sensor response.
Change in spacing between the electrodes also changes the
sensitivity of the sensor. Figure 3共b兲 shows the sensitivity of
a nanodoped tin oxide MEMS based hydrogen sensor. Increase in spacing from 2 to 20 m results in an increase in
active sensing area by almost 10% for a pair of electrodes.
This results in the increase of sensitivity 共S = Ra/ Rg兲 from
500 共for 2 m spacing兲 to 80 000 共for 20 m spacing兲 for
900 ppm H2. When the sensor is exposed to hydrogen, gas
molecules are adsorbed not only on the surface of the SnO2
but also on the interface of the tin oxide–electrode 共Au兲 interface. This results in an increase in the thickness of the
electron-depleted layer of SnO2 grain as well as in the work
function of Au. As a result a large increase in the Schottky
barrier height at the Au– SnO2 interface is expected 关inset of
Fig. 3共b兲兴. Due to a very high increase in the active sensing
area, the electrode gap increases the number of charge carriers 共free electrons兲 after reacting with hydrogen, which results in the compensation of Schottky barrier height. Therefore, an increase in electrode spacing shows higher gas
sensitivity.
This letter successfully demonstrated the application of
diffusion reaction model for enlightening the impact of electrode spacing on response kinetics of the nanomicrointegrated hydrogen sensor at room temperature. The faster response shown by the smaller electrode spacing is due to the
reduced path length for free electrons on the nanoparticle
surface when exposed to hydrogen. Our current results indicate that by optimizing the device architecture, it is possible
to tune the sensitivity and response time, thus the overall
sensing kinetics at room temperature.
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